This paper investigates the sound power radiated from a cracked plate. The sound power is obtained by using a lumped parameters model-based acoustics theory and vibration responses obtained by using the finite element method. It is shown that the vibration mode shapes and crack angle are closely related to the sound radiation characteristics, which can be applied to detect damages such as the cracks generated within a structure.
Introduction
Existence of structural damage within a structure may lead to the change in the sound radiation of the structure as well as the changes in dynamic characteristics such as the vibration response, natural frequency, mode shape, and modal damping. Therefore, the change in sound radiation of a structure can be used to detect, locate and quantify structural damages. Though a variety of structural damage identification methods (SDIM) have been developed based on the damage-induced changes of dynamic characteristics [1] [2] [3] , there are very few SDIMs developed based on damage-induced sound radiation. The plates are the most commonly used structural elements along with beams and shells. When a cracked plate is excited by some external disturbances, it may radiate sound which is somewhat different from the sound radiated when it is undamaged. Thus, we may detect and identify the damage generated within a plate by comparing the damage-induced change in sound radiation characteristics of the plate. In the literature [4] , the acoustic intensity has been well used to identify bearing defects. This paper considers a cantilevered rectangular flat plate containing a line-through crack and investigates the sound power with varying the angle (direction) of the line-through crack. The acoustic power is obtained by using the lumped parameters model-based acoustics theory by Fahnline and Koopmann [5] and the vibration response computed by the finite element analysis software ANSYS. It is observed that the vibration mode shapes and crack angle are closely related to the sound radiation characteristics, which can be in turn used to detect cracks within a plate.
Sound Power Analysis
Sound Power av Π . In the lumped parameter model of the sound radiation, the boundary surface of a vibrating structure is divided into small elements and it is assumed that each element vibrates as a piston. That is, the real volume velocity distribution of an element is approximated as its averaged value. As the primary quantity of interest is the time-averaged sound power radiated from a vibrating structure, the time-averaged sound power can be obtained as the surface integral of the multiplication of the pressure and normal velocity of the boundary surface of the structure. By using the Kirchhoff-Helmholz equation and by applying the assumption that each of the surface elements vibrates as a piston with the same elemental volume velocity distribution, the time-averaged sound power can be derived in the form as [5] where R is the radiation resistance matrix and u = {u k ; k = 1, 2, …, N} is the vector of volume velocities of N surface elements.
Volume Velocity u: The volume velocity can be computed by using the nodal displacements obtained by finite element analysis. Let the averaged normal velocity component of the k-th surface element be given by
where v k is the velocity vector, d k is the displacement vector, n k is the unit directional vector normal to the k-th surface element, and ω is the circular frequency. The averaged volume velocity of the kth element of area S k can be obtained from
Thus, we can experimentally measure the sound power by using the volume velocities which are determined by the surface displacements at each center of surface elements measured by, for instance, accelerometers.
Radiation Resistance Matrix R: The radiation resistance is the real part of the radiation impedance. Thus, the radiation impedance matrix component R i , j is defined by the real part of the ratio of the (averaged) pressure over the i-th element to the (averaged) volume velocity over the j-th element. Accordingly, the radiation resistance matrix is given by [5] 
where k is the wavenumber, ρ is the density, c is the speed of sound, and G(x/x s ) is the Green function which is the solution of the inhomogeneous Helmholz equation when a unit source is placed at x s .
Example Problem, Results and Discussions
Example Problem: Figure 1 shows a cantilevered plate considered for theoretical and experimental investigations. The plate is made of aluminum and it has the dimensions 0.4 m × 0.3 m × 0.003 m. A linethrough crack is placed at the center of the plate and it has the dimensions 0.05 m × 0.01 m. In Fig. 1 , the crack orientation angle is denoted by θ. To compute the sound power radiated by the plate, we first conduct finite element vibration analysis, followed by the computation of volume velocity vector from computed vibration response data. We then compute the radiation residence matrix by using the acoustic theory or experiment. Finally, we compute the sound power from Eq. (1) by using the volume velocity vector and radiation residence matrix computed in the preceding procedure. Results and Discussions: Figure 2 compares some representative components of radiation resistance matrix, R i , j , obtained by the acoustics theory and experiment for the plate divided into (4 × 3) identical square elements. The experimental results are measured by using the radiation resistance probe manufactured by PCB (PCB Unit #730M04). It is obvious from Fig. 2 that the experimentally measured data are very close to those obtained by the acoustic theory. Thus, we have used experimentally measured radiation resistance matrices to compute the sound powers radiated from the plate. Figure 3 compares the sound powers computed for different crack orientation angles θ = 0 o , 45 o and 90 o . We can observe from Fig. 3 that the cracked plate in general radiates more sound power and the sound power in the high frequency range seems to be larger than the value in the low frequency range. However, in the lower frequency range, the sound power is less sensitive to the crack orientation angle. This is probably because the crack-induced changes of vibration modes are very small and negligible in the lower frequency range. The effect of crack orientation angle on the sound power is obvious in the frequency ranges of 300~1300 Hz and 2000~2500 Hz. Figure 4 shows the vibration modes by which high sound powers are radiated (e.g., the 8th, 16th, and 36th modes for θ = 0 o ; the 7th, 12th, and 20th modes for θ = 45 o ; the 11th, 22th, and 20th modes for θ = 90 o ). In general, the anti-symmetric vibration modes radiate negligible sound powers because of their null net volume velocities. Observing the vibration modes shown in Fig. 4 , we can find that the high sound power is radiated when the node lines of a vibration mode are parallel to the crack direction. This is because the bending wave generated by external forces propagates toward the crack to generate acoustic wave within the gab between two parallel crack surfaces. The acoustic wave propagates and reflects repeatedly within the gab to add up more sound power. As the sound radiation characteristics are shown to be dependent of the existence of cracks and the crack orientations, one may apply this fact to detecting and identifying the cracks generated in a structure.
Summary
This paper investigates the sound power radiated from a cracked plate. The sound power is computed by using a lumped parameters model-based acoustics theory and vibration responses computed by using the finite element method. It is shown that natural frequencies decrease and the vibration mode shapes change due to the presence of crack. It is also investigated that the vibration mode shape and crack orientation angle are closely related to the sound radiation characteristics, which may be applied to detect damages such as the cracks generated within a structure.
